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ABSTRACT

Photocatalysis, based on UV irradiation of a TiO, support to generate oxygen free radicals, has been shown
to have antibacterial properties, but the process has yet to be optimized. Photocatalytic inactivation of
Gram negative bacteria, E. coli, was studied on five different photocatalytic supports, in terms of TiO,
type (Degussa P25/Millennium PC500) and configurations (catalyst was impregnated on supports, alone
or with binder, or suspended in water). Several irradiation times were tested. Effective UV-A doses were
estimated using a simulation based on a Monte Carlo approach to facilitate comparison between sup-
ports. For the same TiO; type, inactivation efficiency was best with the “suspension” configuration (up
to 4 log in 120 min) followed by the “impregnated without binder” configuration (up to 2 log in 120 min)
and finally the configuration with binder (only 0.5 log after 120 min). In the “suspension” configuration,
TiO, P25 appeared to be more effective than TiO, PC500. This may be due to smaller dispersed parti-
cle sizes. Our experiments highlight the importance of optimizing contact between the bacteria to be
inactivated and titanium dioxide particles. Bacterial regrowth was compared on two culture media with
different nutrients, and revealed metabolic damage induced by photocatalysis. Based on the classical
Chick-Watson model, the kinetics of the photocatalytic process were determined, including a lag time

for several supports.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Microorganisms are commonly inactivated by ionization [1-3],
ozonation [4], germicidal UV-C [5-9] or in solution by chemical
disinfection such as chlorination for example. Photocatalysis was
initially used to eliminate pollutants in water [10,11] or air [12,13]
purification. It has recently been shown to have antiviral [14], anti-
fungal [15] and particularly potent antibacterial [16,17] properties.
The photocatalytic process generally involves the use of UV radia-
tion combined with a semi-conductor, most frequently titanium
dioxide, present as a photocatalytic nano-powder. Excitation of
TiO, by UV-A forms an electron-hole pair which generates OH*® and
HO,* free radicals by contributing to the H,O and O, redox reaction.
Hydroxyl radical is highly reactive and leads to strong oxidation of
pollutants adsorbed on the catalyst’s surface, resulting in complete
mineralization for many compounds.

Most experiments showing the bactericidal effect of photo-
catalysis were performed in aqueous solution [18-21]. Airborne
experiments (i.e. photocatalytic degradation of microorganisms
dispersed into the air) are rare because generating of a homoge-
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neous, stable bio-aerosol remains difficult and the experimental
setup is complex [22]. Because of this, some authors have used
a batch approach, where bacteria (suspended in water for exam-
ple) are spread on photocatalytic supports. This approach has
been used to study the influence of parameters such as irradiation
[23,24], nature and quantity of TiO, [17-25] or duration of exposure
[17,23,26]. Many of these tests used the model bacterium E. coli.
The main aim of the present contribution is the knowledge
improvement of the antibacterial photocatalytic action by identify-
ing the type of cell damage through comparison of bacterial growth
on two culture media after exposure to the photocatalytic process.
These tests are easily realized and aim at underline cell damage.
Obviously they could be completed by more specified experiments.
A batch approach was applied to compare several photocatalytic
supports and revealed the importance of the nature and duration
of contact between the bacterial cells and titanium dioxide. Photo-
catalytic inactivation tests on E. coli were conducted on 5 different
supports. One of these was commercially available and the others
were made in the laboratory. We chose TiO; configuration as a vari-
able criterion to investigate the importance of the contact between
bacterial cells and semiconductor for inactivation efficiency.
Furthermore, a kinetic analysis of bacterial inactivation by pho-
tocatalysis based on empirical methods such as Chick-Watson
model [27] is performed in this study. Finally, some information
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are proposed to simulate light scattering in photocatalytic reac-
tors and to assess the proportion of photons emitted by the lamp
really available for the photocatalytic reaction with a Monte Carlo
approach [28].

2. Materials and methods
2.1. Bacterial culture preparation and analysis

An E. coli strain from the Institut Pasteur collection (CIP 53.126)
was subcultured on a Petri dish containing Tryptic Soy Agar
medium (TSA, AES Chemunex, Bruez, France) for 24 h at 37 °C. Cells
recovered from this dish were transferred into sterile Tryptone-Salt
solution (TS, AES Chemunex) and grown to an optical density of 0.5
at 600 nm. 2 mL of this preparation were added to 25 mL of Lactose
Broth (LB, AES Chemunex) before incubation for 24 h at 37°C on a
rotary shaker at 100 rpm. Cells were harvested by centrifugation at
7000 x g for 7 min and washed three times with sterile water. The
concentration of the bacterial culture was determined on 10-fold
serial dilutions in tryptic salt solution. A 0.1 mL sample of three suc-
cessive dilutions was spread on two nutrient agar medium plates
and incubated at 37°C for 24 h. Colonies were counted on plates
with between 15 and 300 colonies. The number of colony forming
units present in the sample (N in CFUmL~1) was estimated for two
successive dilutions using relation (1) [29]:

No 2 (1)

“ v(ng +0.1np)d

where ZC is the number of colonies counted on all plates, v is the
volume spread on plates, n; the number of plates considered for
the first dilution, n, those considered for the second dilution and d
is the dilution factor for the first dilution.

In line with French norms [30], a 95% confidence interval (A)
was calculated for the number of colony forming units using Eq.

(2).

>C 192 196> .C1 .
A_T+T —B 4 withB = v(n; + 0.1n3) 2)
For experiments, the bacterial culture was diluted 50-fold
to obtain a concentration between 1.0x 107 CFUmL™! and
1.3 x 107 CFUmL".

2.2. Photocatalytic supports

Photocatalytic tests were performed using 5 different single-use
supports:

(1) Commercial support (Ahlstrom, Pont Evéque, France) com-
posed of cellulose fibers, uncoated (reference 1045). Samples
(4 cm?) were autoclaved for 15 min at 121 °C to sterilize them
before performing tests;

(2) Commercial support (Ahlstrom, Pont Evéque, France) coated
with a mixture of TiO, PC500 Millennium (18 gm~2) (Millen-
nium Inorganic Chemicals, Thann, France), zeoliths (2gm~2),
and SiO, (20gm~2) (reference 1048). Samples (4cm?2) were
autoclaved for 15min at 121°C to sterilize them before per-
forming tests.

(3) Quartz media filters, (QMA, Whatman, Kent, UK) (25 mm in
diameter) used alone without TiO, and sterilized by heating
to 250°C for 2 h.

(4) Quartz media filters, (QMA, Whatman, Kent, UK) (25 mm in
diameter) impregnated with (P25 Degussa (2.2 gm~2) (Evonik
Degussa Corporation, Essen, Germany) or PC500 Millennium
(1.8 gm~2)). For impregnation, either filters were immersed in
P25 TiO; (4gL-1 in water) for 10, or they were spread with a

Table 1
TiO; characteristics [40].

Millennium PC500
100% anatase

Composition Degussa P25

80% anatase-20% rutile

10-15
600-700

Particle size (crystallites) (nm) 30
Dispersed particle size (nm) 200-215

suspension of PC500 TiO;, (4gL~! in water). Filters were then
dried. QMA filters were sterilized by heating to 250 °C for 2 h.

(5) “Suspension” configuration, TiO, was dispersed in sterile water
(1gL-1). The solution was then autoclaved (15 min, 121°C).
Bacteria were mixed with the TiO, suspension and the mixture
was spread on previously sterilized blank QMA filters.

All supports were placed on glass slides to facilitate handling.
Microscopic observations of some supports are shown in Fig. 1, and
TiO, characteristics are listed in Table 1.

2.3. Photocatalytic reactor and light flux

Photocatalytic inactivation tests were performed in a reactor
composed of a stainless steel cylinder (0.80 m in length and 0.20 m
in diameter) fitted with a UV-A lamp (BLB, Philips TLD 18 W) (see
Fig. 2) with an emission peak centered on 365 nm and a light inten-
sity of about 1.1 x 10> Einsteins~! (Es~1). The chamber allowed
simultaneous exposure of 6 photocatalytic supports placed 0.11 m
from the lamp.

The titanium dioxide on the different photocatalytic supports
only absorbed some of the light flux. Experimental measurement
of the quantity of photons effectively available for bacterial inacti-
vation was difficult. Therefore, we simulated the light trajectories
in the chamber using a Monte Carlo approach [31,32]. This method
is based on a statistically significant number of photons emitted by
the lamp. For each emitted photon, a random number sequence is
initiated that locates its position on the light source and its three
directions of space (®,0,z) in the reactor. The fate of each photon is
followed until it is either absorbed at the catalyst surface or is lost
on the surroundings. If the photon does not hit the catalyst surface,
it is discarded and assumed to be lost, and the process is started
again. At the end of the test, the flow of absorbed photons by the
catalyst is determined. The principle of the simulation is presented
in Fig. 3 (imax =30,000 photons).

To optimize modeling, the optical properties of both stain-
less steel and the photocatalytic supports (in terms of absorption,
transmission and reflection) were experimentally determined for
wavelengths between 300 and 400 nm using a UV/Vis/NIR spec-
troradiometer (Lambda 950, PerkinElmer, Courtaboeuf, France).
Experiments were performed on wet supports with and without
TiO, to determine the proportion of photons effectively absorbed
by the photocatalyst.

2.4. Experimental procedure

Before conducting inactivation tests, each sterilized photocat-
alytic support was humidified with 0.15 mLsterile water. An aliquot
of bacterial culture (0.10mL) was deposited onto wet supports,
before UV-Airradiation. Samples were harvested from the supports
in 19.90 mL sterile water after irradiation. An aliquot of harvested
cells (1 mL) was serially diluted 10-fold in tryptic salt solution. An
aliquot of diluted solution (0.1 mL) was spread on nutrient agar
medium plates. The number of colony forming units was deter-
mined after incubation at 37 °C for 24 h.

Growth was compared on two growth media: Tryptic Soy Agar,
or complete medium (15gL~! pancreatic digest of casein, 5gL~!
papaic digest of soya bean, 5 gL~ sodium chloride, 15gL~! agar);
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Fig. 1. SEM observations of photocatalytic supports (a) commercial photocatalyst,

(b) P25 impregnated QMA, and (c) suspended P25 on QMA.
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Fig. 2. Photocatalytic reactor.

or Eosin Methylene Blue (EMB, AES Chemunex) (10 gL~ pancreatic
digest of gelatin, 10gL~! lactose, 2gL~! dipotassium phosphate,
0.065 gL~! methylene blue, 0.40gL~! eosine Y, 15gL-! agar). Any
differences between the numbers of colony forming units counted
on these two growth media after the photocatalytic process may be
indicative of metabolic damage. According to Ray and Speck [33],
changes in overall metabolic activity can be determined based on
the growth response of stressed bacteria. This can be used to assess
the cumulative effect of several structural and functional changes
[33,34].

To determine the effect of photocatalysis, four experimental
conditions were tested: with TiO,/with UV-A (photocataly-
sis); with TiO,/without UV-A (adsorption-adhesion); without
TiO,/with UV-A (photolysis); without TiO, /without UV-A (control).
The efficiency of photocatalytic inactivation was assessed over four
irradiation times (20, 40, 60 and 120 min). The duration of exposure
was extended for one support to highlight its maximal capaci-
ties. Each experiment was performed in triplicate, thus there were
twelve bacterial samples for each irradiation time.

2.5. Photocatalytic inactivation efficiency

The experimental photocatalytic inactivation efficiency (E) was
determined using Eq. (3):

_ No — Nuith Tio, /withuva N
= Ny

where N is the number of CFU in the harvested suspension and Ny
the number of CFU in the bacterial culture deposited onto the sup-
port. We used the criteria established by Sayilkan et al. [35] to rank
reduced bacterial cultivability: less than 20% reduction indicates no
bactericidal effect; between 20% and 50% reduction signifies a low
bactericidal effect; between 50% and 70% reduction corresponds
to a moderate bactericidal effect; greater than 70% reduction was
considered a significant bactericidal effect.

E

100 (3)

2.6. Kinetic model

The kinetics of photocatalytic bacterial inactivation are usually
described using empirical equations. The Chick-Watson equation is
the classical model for microorganism inactivation with a constant
concentration of disinfecting agent [27], as expressed by Eq. (4):

log (Nﬁ()) = —kt (4)

where N[Ny is the reduction in bacterial concentration, k is the
kinetic constant of inactivation and t is time.

A lag phase is often noted at the beginning of the reaction. In
this case, the delayed Chick-Watson model, which includes a sec-
ond parameter (ty) corresponding to the lag time, should fit the
experimental results better (Eq. (5)).

NY J0 fort<t
log (N_0> - { —k(t —ty) fort >ty } )

Comparison of supports with different TiO, loads was based on Eq.

(6):

1 N\ Ofort <to .k
i, log (ITO) = {—k”(t— to)fort > to } where k" = — (6)

3. Results and discussion

3.1. Testing configurations

For each photocatalytic support the impact of photocatalysis
on E. coli viability and cultivability was determined using four
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Fig. 4. Concentration of E. coli on QMA +TiO, P25 suspended; growth medium: TSA
(— detection limit, M with UV-A/without TiO,,  with UV-A/with TiO,, x without
UV-A/without TiO,, + without UV-A/with TiO;).

configurations. The term “viability” defines the living character of
the bacterium and “cultivability” its ability to develop and form
colonies. A bacterium can be viable but not cultivable when it is
stressed for example. The extent of E. coli inactivation for different
irradiation times on P25-impregnated QMA filter is shown in Fig. 4.

The control sample (without TiO,/without UV-A) concentra-
tion was the same as the initial concentration, indicating that
cell harvesting from the supports was effective and that loading,
experimentation and harvesting do not affect bacterial viability or

cultivability, even after several hours in ultrapure sterile water.
Ultrapure sterile water was used for all experiments.

An effect of the “with TiO,/without UV-A” configuration could
be interpreted as an adsorption/adhesion effect and/or as a direct
bactericidal effect of titanium dioxide. Indeed, Liu et al. [36] recently
showed that fresh TiO, could inactivate bacteria without UV-A exci-
tation. In our experiments, however, no effect of TiO, was observed
in the absence of irradiation (Fig. 4). E. coli can be inactivated by UV-
A alone if irradiation time is sufficient (120 minutes) [37] and if the
support has appropriate optical properties, such as those of quartz
(blank QMA). In contrast with blank QMA, no effect was observed
for the blank Ahlstrom support at 120 min. Measurement of the
light absorption coefficients for the various supports without TiO,
showed differences. Results for blank QMA and for 1045-Ahlstrom
support, for wavelengths ranging from 300 to 400 nm, are shown in
Fig. 5. Globally, the light absorption coefficient is higher for 1045-
Ahlstrom than for blank QMA. Thus, when irradiated by the same
quantity of photons, more photons are absorbed in 1045-Ahlstrom
support than blank QMA and in this case, less photons are available
for direct bacterial inactivation by light. The quartz material allows
a better light transmission into the support where are bacteria than
cellulose fibers.

To conclude this part and towards the different configurations,
these results indicate that a photocatalytic effect is likely to be
responsible for the loss of bacterial viability—cultivability observed
for the “with UV-A/with TiO,” condition shown in Fig. 4.

3.2. Light flux

Simulations indicated the number of photons emitted from the
lamp and absorbed by TiO,. Given the light flux generated by the
lamp (1.1 x 107> Es~1) it is possible to calculate the flux exciting
the catalyst. Only 0.1% of photons (~10~8 Es~1) were found to be
absorbed by titanium dioxide on the five photocatalytic supports
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Fig. 5. Light absorption coefficient for supports without titanium dioxide (—
Ahlstrom 1045, - - - - blank QMA).

(Table 2). The small differences observed between the different sup-
ports could be due to uncertainties linked to both experimental and
simulated data (TiO, distribution on supports, particle size, random
function used in the algorithm, etc.).

These data were used to estimate the UV-A dose exciting TiO,
after 20-40-60 or 120 min of irradiation. Thus, photocatalytic sup-
ports could be compared for an equivalent UV-A dose by plotting
graphs as a function of quantity of photons absorbed by TiO, rather
than time.

3.3. Photocatalytic inactivation of bacteria

3.3.1. Irradiation time and metabolic effects

Inactivation of E. coli depends on irradiation time for all sup-
ports (Table 3). As described in the literature, better inactivation
is achieved with longer irradiation times due to the production of
more hydroxyl radicals, causing more damage to bacteria[38]. Both
growth media (EMB and TSA) show similar results for this effect.
At initial time the number of colony forming units counted on both
media were the same for all samples. However, for the same sam-
ple and after photocatalytic process, the number of CFU counted
on EMB was always lower than on TSA, indicating that that bac-
teria were not able to use (in the same way) nutrients present in
EMB after photocatalytic process: they are metabolically damage.
As EMB contains lactose (comparing with TSA which does not con-
tain it) we supposed that lactose metabolism was affected during
the photocatalytic process (see Table 3) [33]. Depending on the pho-
tocatalytic support used, different degrees of inactivation of this
pathway were observed. Supports can be ranked in ascending order
of efficacy: Ahlstrom, PC500 impregnated, P25 impregnated, PC500
suspended, P25 suspended. These differences can be explained by
the TiO, type (P25, PC500) or how it was loaded onto the filter
(impregnated with or without binder, suspended). For all supports,
the photocatalytic process requires long irradiation times (several
minutes to several hours) to induce significant loss of bacterial

Table 2
Photons available for photocatalysis on each of the five supports tested.

Quantity of photons available for photocatalytic
inactivation (Es™1)

Ahlstrom 1.5x10°8
P25 impregnated 1.6x10°8
PC500 impregnated 1.8x10°8
P25 suspended 1.7x10°8
PC500 suspended 1.2x10°8

Table 3
Photocatalytic inactivation efficiency on two growth media (DL: detection limit).

Supports Time (min) Photocatalyticinactivation efficiency (%)
TSA EMB
20 7.12 17.16
40 0.00 23.67
Ahl 60 0.00 52.34
strom 120 66.40 89.95
140 98.85 99.73
160 99.86 >99.99 (<DL)
20 25.03 73.43
PC500 40 46.32 79.24
impregnated 60 97.66 96.06
120 99.54 99.47
20 81.23 96.55
. 40 74.32 76.16
P25 impregnated 60 85.47 92.81
120 99.64 99.99
20 33.96 97.83
40 84.17 99.76
PC500 suspended 60 9823 99 64
120 99.89 >99.99 (<DL)
20 99.09 99.92
40 99.28 99.37
P25 suspended 60 99.82 99.99
120 >99.99 (<DL) >99.99 (<DL)
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Fig. 6. How E. coli concentration evolves during photocatalysis on supports with
TiO, PC500; growth medium: TSA (— detection limit, & Ahlstrom, B PC500 sus-
pended, ¢ PC500 impregnated).

viability.

3.3.2. Influence of photocatalytic support

The effect of the way in which TiO, is loaded onto supports
(impregnated, with or without binder, or suspended) can be studied
by comparing photocatalytic supports using the same TiO,. E. coli
inactivation for supports containing PC500 TiO, is shown in Fig. 6.
For the same photon intensity, Ahlstrom is less effective than QMA
impregnated with PC500, which in turn is less effective than PC500
in suspension, regardless of growth medium used to test viability.

The mass of TiO, varies depending on the support: 7.2 mg for
Ahlstrom, 0.9 mg for QMA impregnated with PC500, 0.1 mg for sus-
pended PC500 on QMA. These quantities are global and do not
reflect the amount of TiO, actually in contact with biological par-
ticles, and thus available for their inactivation. On the Ahlstrom
support, fibers are covered with a mixture of TiO,, zeoliths and
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inorganic binder. Thus, some titanium dioxide particles are masked
on this support and will therefore be inaccessible to bacteria.
For PC500-impregnated QMA, the mass of TiO, is lower than for
Ahlstrom, but due to the absence of binder, the catalyst is more
freely available for contact with bacteria. However, the way in
which bacteria are distributed over fibers and TiO; is not controlled:
bacteria can be attached on fiber without being in the vicinity
of titanium dioxide. Finally, when bacteria are mixed with TiO,
before being spread on the support, contact is optimized in com-
parison with the previous setups as bacteria can be trapped in TiO,
nano-particle aggregates. These different situations are illustrated
in Fig. 7. Efficient inactivation requires close contact between bacte-
ria and titanium dioxide, as provided by the “suspended” condition.

3.3.3. Effect of TiO, type

Two TiO, types were tested: Millennium PC500 and Degussa
P25. Asindicated in Table 1, PC500 contains mainly anatase and P25
consists of 80% anatase, 20% rutile. PC500 also has a larger dispersed
particle size than P25.

How the bacterial concentration changed as a function of the
quantity of photons absorbed by TiO, for QMA filters with PC500 or
P25, either suspended or impregnated, was studied (Fig. 8). For the
same loading configuration, PC500 appears less efficient than P25,
especially for the “suspended” configuration. This confirms recent
observations by Lydakis-Simantiris et al. [39].

According to Nguyen et al. [40], dispersed particle sizes for TiO,
PC500 are approximately three times larger than for TiO, P25.
Thus, for the same mass of TiO,, P25 provides a larger surface
area for contact with bacteria than PC500. This may explain the
improved efficiency. These observations highlight the fact that con-
tact between TiO, and bacteria is key to photocatalytic efficiency.

Table 4
Experimental parameters determined for the Chick-Watson model.
TSA EMB
k" (min"'g=1)  to(min) k”(min"’ gT’ing) to (min)
Ahlstrom 8.3 110 2.9 42
PC500 impregnated 25.7 13 22.0 0
P25 impregnated 174 0 26.9 0
PC500 suspended 274.5 8 509.1 0
P25 suspended 520.9 0 682.6 0

Another explanation of the increased activity of P25 could be
that in this catalyst the electron/hole recombination is slower com-
pared to other photocatalysts.

3.4. Kinetic data

Using equation 6, the inactivation constant (k”) and lag time
(to) can be determined by plotting 1/mro, log(N/No) versus t. For
supports for which ty is less than or equal to zero, the lag time
can be considered non-existent. In these cases, data were replotted
according to the standard Chick-Watson model without lag time

(Eq. (7)):
1 log (Nﬁo) =K't (7)

mrio,

Results below the limit of detection were excluded. These calcula-
tions were performed for both growth media, results are presented
in Table 4.

Thus, k" p2s suspended > k" pcsoo suspended k" P25 and Pc500
impregnated > K" Anlstrom- The same ranking order was obtained for the
two growth media, and kinetic constants were of the same order
of magnitude, indicating that kinetics are independent of growth
conditions. In contrast, lag times plummet for analyses on EMB:
for example for the Ahlstrom support, close to 2h on TSA versus
40 min on EMB. Therefore, identifying the impact of photocataly-
sis and determining the parameters of the model depend on the
growth medium chosen, as shown by the significant differences in
lag times measured.

4. Conclusion

Photocatalytic degradation of bacterial cells consists of sev-
eral (possibly interdependent) steps: bacterial inactivation (i.e.
loss of viability), their degradation leading to release of cellular
compounds, formation of by-products and progressive mineraliza-
tion [41]. In the present work, inactivation of E. coli was studied
on different photocatalytic supports. The experiments described
showed that the quality of contact between bacteria and tita-
nium dioxide must be optimized to improve degradation efficiency.
Although photocatalytic mechanisms remain difficult to precisely
understand, we have shown that photocatalysis induces metabolic
damage to bacteria and that the kinetics of bacterial inactivation are
well described by the classical Chick-Watson “black-box” model,
including a lag time. To consider the overall process, we must now
monitor photocatalytic mineralization of bacteria and identify its
by-products. As E. coli is a Gram negative bacterium, its exter-
nal membrane is composed of lipopolysaccharides or endotoxins.
These components can induce headaches, fever or respiratory
problems [42,43]. Thus, beyond its attractive bactericidal proper-
ties, photocatalysis should also eliminate endotoxins. Preliminary
experiments confirm this assumption. However, analytical prob-
lems with the available endotoxins measurement method caused
by the presence of support fibers in the analytical solution did not
allowed a good assessment of their photocatalytic degradation.
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